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A b s t r a c t  

Ui lep ton  emiss ion  from expanding QCD m a t t e r  formed i n  ultra:  

r e l a t i v i s t i c  n u c l e a r  c o l l i s i o n s  is computed. The energy d e n s i t y  

and t h e  v e l o c i t y  f i e l d  of t h e  expanding mat te r  a r e  computed numeri- 

c a l l y  wi th  a 1+3 dimensional  numerical  code which assumes  cy l ind-  

r ica l  i n v a r i a n c e  i n  t h e  t r a n s v e r s e  and boos t  i n v a r i a n c e  i n  t h e  

l o n g i t u d i n a l  d i r e c t i o n .  

shown t o  be impor tan t  i n  t h e  r e g i o n  of p a i r  mass M s 1.2 GeV.  

e x i s t e n c e  of t r a n s v e r s e  f low r e s u l t s  i n  t h e  p e r s i s t e n t  appearance 

of t h e  p peak i n  t h e  M d i s t r i b u t i o n  a t  f i x e d  t r a n s v e r s e  mass MT 

f o r  l a r g e  MT. The i n i t i a l  temperature  Ti and t h e  t h e r m a l i z a t i o n  

time T~ of t h e  hydrodynamical flow a r e  r e l a t e d  t o  t h e  a s s o c i a t e d  

pion m u l t i p l i c i t y  dN/dy and t h e  d i l e p t o n  emission r a t e  a t  M > l . , S  

GeV. 

E f f e c t s  of t r a n s v e r s e  f low a r e  s t u d i e d  and 

The 
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1. INTRODUCTION 

. A l a r g e  amount of  work h a s  been devoted t o  s t u d y i n g  p o s s i b l e  

s i g n a l s  f o r  t h e  product ion  of  QCD matter i n  i ts d i f f e r e n t  phases  

a s  it might  b e  formed i n  u l t r a r e l a t i v i s t i c  nucleus-nucleus c o l l i -  

s i o n s  111. The p h y s i c s  which can be s t u d i e d  i n  such c o l l i s i o n s  

i n c l u d e s  t h e  d e t e r m i n a t i o n  o f  state of hadronic  matter, as w e l l  

as p r o p e r t i e s  of  e x o t i c  new forms of  m a t t e r  such as quark-gluon 

plasma. 

* 

Because of  t h e  complexi ty  of  t h e  problem, one h a s  been forced  

t o  s i m p l i f y  t h e  space-time h i s t o r y  of t h e  expanding matter. A t  

b e s t  [ 2 1  one h a s  coupled t h e  d i l u t i o n  due t o  l o n g i t u d i n a l  b o o s t  

i n v a r i a n t  expansion 131 w i t h  t r a n s v e r s e  expansion u s i n g  a one- 

phase e q u a t i o n  of state. 

The purpose of  t h i s  p a p e r ' i s  to  c o n s i d e r  t h e  d i l e p t o n  s i g n a l  

14-91 by numer ica l ly  computing [lo-121 t h e  matter f low assuming 

b o o s t  i n v a r i a n t  l o n g i t u d i n a l  f low and c y l i n d r i c a l  symmetry f o r  

t h e  f low i n  t h e  t r a n s v e r s e  d i r e c t i o n  and, secondly ,  assuming an 

e q u a t i o n  of s ta te  c o n t a i n i n g  a f i r s t  o r d e r  phase t r a n s i t i o n .  

p r i n c i p a l  e x t e n s i o n  of t h e  

expansion i s  t h a t  w e  u s e  an  e q u a t i o n  of  s ta te  which a l l o w s  one to  

c o n t i n u e  p a s t  t h e  quark-gluon plasma phase, through a phase 

t r a n . s i t i o n  and f i n a l l y  through a hadronic  g a s  phase.  

ment i n v o l v e s  u s i n g  a hydrodynamic code which p r o p e r l y  treats 

shock d i s c o n t i n u i t i e s  and is d i s c u s s e d  i n  [ l o ]  . I n  t h i s  paper w e  

s h a l l  e x c l u s i v e l y  cons ider  c e n t r a l  c o l l i s i o n s  o f  heavy n u c l e i  such 

as uranium. 

The 

t r e a t m e n t  of [21 of  t h e  t r a n s v e r s e  

This  t r e a t -  

What happens i n  t h e  c e n t r a l  reg ion  ( a t  rest i n  t h e  c e n t e r  of 

mass) of  a c e n t r a l  ( z e r o  impact parameter)  U+U c o l l i s i o n  is essen-  

t i a l l y  as fol lows.  

than  1 / M )  a s i n g l e  hard  quark-ant iquark  c o l l i s i o n  may produce a 

massive d i l e p t o n  p a i r  through t h e  Drell-Yan process .  

c o l l i s i o n s  between t h e  p a r t o n s  s t a r t  t h e r m a l i s i n g  t h e  system. 

D i l e p t o n s  may a l s o  be e m i t t e d  d u r i n g  t h i s  pre-equi l ibr ium s t a g e  

113-161. 

e n t r o p y  S(n1 of t h e  system i n c r e a s e s  r a p i d l y .  

time T i  and temperature  Ti on,  S is e s s e n t i a l l y  c o n s t a n t  and t h e  

system is regarded as thermal i sed .  

u n l e s s  o therwise  s t a t e d ,  c o n s i d e r  on ly  t h e  c a s e  when Ti is so 

l a r g e  t h a t  t h e  s y s t e m  i n i t i a l l y  is i n  t h e  quark plasma phase. I t  

may happen t h a t  t h i s  is n o t  t h e  case f o r  an average experimental  

event .  

Very e a r l y  i n  t h e  c o l l i s i o n  ( a t  t i m e s  less 

A f t e r  t h i s ,  

During t h e  pre-equi l ibr ium s t a g e  t h e  t o t a l  comoving 

From s o m e  proper  

W e  s h a l l  i n  t h e  fo l lowing ,  

Due t o  quantum f l u c t u a t i o n s  t h e  v a l u e  of S ( n )  may vary  from 

e v e n t  t o  event ,  b u t  i ts  v a l u e  may be exper imenta l ly  measured by 

measuring t h e  a s s o c i a t e d  p ion  m u l t i p l i c i t y  dN/dy and u s i n g  t h e  

r e l a t i o n s h i p  191 

(1.1) 

where c = 3.6 and a = 4 . 6  ( f o r  2.5 f l a v o u r s ) .  Note t h a t  t h i s  

o n l y  g i v e s  t h e  combinat ion Ti 3 T i .  The v a l u e  of T i  is, however, 

n o t  so w e l l  determined f o r  a v a r i e t y  of r e a s o n s  s u c h  a s  f l u c t u a -  

t i o n s  i n  t h e  i n i t i a l  c o n d i t i o n s .  

w e  w i l l  cons ider  ii i n  t h e  range  of 0 .1  t o  1 .5  fm. 

of  view of t h e  hydrodynamic f low,  t h i s  v a r i a t i o n  i n  t h e  va lue  of 

T i  is n o t  important: i n c r e a s i n g  7 i  from 0.1 fm t o  1.5 fm g i v e s ,  

a p a r t  from smal l  i n i t i a l  c o n d i t i o n  (vr = 0 )  e f f e c t s ,  e x a c t l y  t h e  

I n  view of t h e s e  u n c e r t a i n t i e s ,  

From t h e  p o i n t  

same f low,  if Ti is s imul taneous ly  decreased  by a f a c t o r  (1.5/0.1)3 - 1  

( S e c t i o n  2 1 .  The change from t h e  p o i n t  of view of s i g n a l s  
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is, however, s i g n i f i c a n t ,  because t h e  h i g h  t empera tu re  pe r iod  

between 0 . 1  and 1.5 f a  i n  t h e  h i s t o r y  o f  t h e  system would be 

excluded (Sec t ion  3 ) .  

Assume Ti is so l a r g e  t h a t  t h e  system i n i t i a l l y  is i n  t h e  

quark plasma phase. The system then w i l l  expand through quark,  

mixed and hadron phases  [10-111. We a l so  a s s u m e  t h a t  t h e  nuclea-  

t i o n  o f  the f i r s t  o r d e r  t r a n s i t i o n  i s  f a s t  and d o  n o t  d i s c u s s  

sce rmr ios  with phase s e p a r a t i o n  I171 or d e e p  supe rcoo l ing  [le]. 

What one f i n d s  (Sec t ion  2 )  is t h a t  t h e  behaviour  o f  t h e  quark 

phase i s  l i t t l e  a f f e c t e d  by t h e  t r a n s v e r s e  flow. The l o n g i t u d i n a l  

coo l ing  is  so f a s t  t h a t  i t  cools t h e  system o u t  o f  t he  quark 

plasma phase b e f o r e  t h e  t r a n s v e r s e  r a r e f a c t i o n  wave r eaches  t h e  

c e n t e r ,  i.e. b e f o r e  T = RA/cs = 1 2  fm. 

does  t h e  quark phase expe r i ence  t r a n s v e r s e  motion. However, 

Only f o r  v e r y  large Si 

one f i n d s  t h a t  when t h e  system is i n  t h e  mixed or  even more so  

i n  t h e  hadron phase,  i t  is i n  ve ry  r a p i d  t r a n s v e r s e  motion. For  

in s t ance ,  i n  t h e  numerical  examples o f  S e c t i o n  2 t h e  temperature  

I’ = 50 MeV ( t h i s  is t h e  lowest  t empera tu re  we c o n s i d e r  f o r  t h e  

hadron gas )  is reached a t  a proper t i m e  T = 3 5 6 5  fm and t h e  

system is then e s s e n t i a l l y  a d i s k  of r a d i u s  15-50 fm i n  which 

t h e  r a d i a l  v e l o c i t y  v a r i e s  from 0 a t  c e n t e r  to  almost 1 a t  t h e  

s i d e s .  

How is t h i s  f l o w  p a t t e r n  e x p e r i m e n t a l l y  diagnosed by d i l e p t o n  

emission? One f i n d s  (Sec t ion  3 )  t h a t  smal l  M (M ,$ 1.2 G e V )  p a i r s  

are dominantly e m i t t e d  wh i l e  t h e  system is i n  t h e  mixed and 

hadron phases.  As t h e  system then i s  i n  r a p i d  t r a n s v e r s e  motion, 

t h e  system impar t s  t h e  p a i r s  i n  t h i s  mass r ange  a l a r g e  t r a n s v e r s e  

momentum. We f i n d  t h a t  t h e  p peak w i l l  p e r s i s t  u n t i l  l a r g e s t  

t r a n s v e r s e  masses MT f o r  a l l  r easonab le  v a l u e s  o f  t h e  i n i t i a l  

temperature ,  fo rma t ion  t i m e ,  and hadron m u l t i p l i c i t y .  

t h e  n e g l e c t  o f  t h e  t:ansverse motion p r e d i c t s  t h e  d i sappea rance  

o f  t he  p peak f191, t h e  o b s e r v a t i o n  of t h e  p peak w i l l  p e r m i t  

one t o  expe r imen ta l ly  i d e n t i f y  t h e  t r a n s v e r s e  flow. A d i f f e r e n t  

method of obse rv ing  t h e  f low i s  by comparing t r a n s v e r s e  momentum 

d i s t r i b u t i o n s  of p i o n s  to  t h o s e  i n  pp a t  e g u i v a l e n t , e n e r g y  [ l o ] .  

S i n c e  

S i m i l a r l y ,  t h e  large M (M 2 2 G e V )  p a i r s  a r e  dominantly 

emit ted whi1.e t h e  system is i n  t h e  quark phase. 

i n i t i a l  s t a g e ,  one can now a t t e m p t  t o  expe r imen ta l ly  measure 

t h e  va lues  of Ti and T i  s e p a r a t e l y .  F i r s t ,  a f i x e d  v a l u e  Of 

T i  t i  is chosen by c o n s i d e r i n g  on ly  e v e n t s  w i th  some f i x e d  dN/dy 

of pions.  

dN/dMdy f o r  p a i r s  i n  t h e  mass r ange  2 < M < 3 ,  say.  

o f  t h i s  rate depends on T~ s e p a r a t e l y  and t h u s  one can measure Ti 

and ii  s e p a r a t e l y .  

T i ) i s  t he  ave rage  v a l u e  of T~ f o r  t h e  e v e n t s  w i t h  t h e  g i v e n  

dN/dy; it i s  n o t  t h e  T i  for each  e v e n t  s e p a r a t e l y .  The a v e r a g e  

va lue  of T i  a l so  c o n t a i n s  an ave rag ing  

coord ina te s .  

As t h i s  is  t h e  

3 

Secondly,  f o r  t h e s e  e v e n t s  one measures t h e  ra te  

The v a l u e  

Note t h a t  t h i s  v a l u e  o f  Ti (and t h e  a s s o c i a t e d  

over t h e  t r a n s v e r s e  

With d i l e p t o n  measurements one has  t h u s  a f a i r l y  d e t a i l e d  

hahdle on a l l  t h e  s t a g e s  of  t h e  c o l l i s i o n  h i s t o r y  from t h e  earliest 

to  t h e  l a t e s t  times. 

t h a t  t h e  experiments  are c l e a r l y  v e r y  demanding. 

hand, i f  e i t h e r  these l a r g e  m u l t i p l i c i t i e s  are never  produced i n  

t h e  c o l l i s i o n s  or i f  one  is unable  t o  expe r imen ta l ly  obse rve  them, 

one may never see e v i d e n c e  of t h e s e  v e r y  i n t e r e s t i n g  c o l l e c t i v e  

phenomena on t h e  nuclear scale. 

The r e q u i r e d  m u l t i p l i c i t i e s  are so l a r g e  

On t h e  other 
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2. THE FLOW 

The g e n e r a l  f e a t u r e s  o f  a hydrodynamic f low through a quark 

~ plasma (Q), mixed (M) and hadron ( A )  phase under  an assumed f i r s t  

o r d e r  equation o f  s ta te ,  have been d i scussed  in s e v e r a l  p l a c e s  

(see, for in s t ance ,  [ l o - l l l )  and w e  d o  n o t  go i n t o  d e t a i l s  he re .  

J u s t  t o  f i x  our n o t a t i o n ,  w e  n o t e  t h a t  ou r  e q u a t i o n  o f  Statae 

is, f o r  t h e  quark plasma and hadron phases ,  g iven  by 

where 

g h  = 3 

( w e  u s e  NF = 2.5 t o  s imula te  t h e  e f f e c t  o f  t h e  s t r a n g e  quark 

mass). Many q u a n t i t i e s  depend on ly  on t h e  r a t i o  

( 2 . 3 )  

The bag c o n s t a n t  0 and t h e  t r a n s i t i o n  t empera tu re  T, are r e l a t e d  

and t h e  v a l u e s  o f  t h e  e n e r g y  d e n s i t y  i n  t h e  qua rk  and hadron 

phases  a t  TC are 

W e  s h a l l  mos t ly  u s e  t h e  v a l u e  Tc = 200 MeV f o r  t h e  t r a n s i t i o n  

t empera tu re  and Tf = 50 MeV f o r  t h e  decoup l ing  temperature.  

These correspond to ( i n  u n i t s  of GeV/fm 3 

E q  = 3 . 6 9  , 
. EH = 0 . 3 1 ,  

E$ = 0 . O O l .  

In  t h e  hydrodynamic f low wi th  n o  t r a n s v e r s e  motion t h e  t i m e s  

between t h e  d i f f e r e n t  phases  a r e  g i v e n  by 

3 

? = ( < )  r, . 
Note h e r e  t h a t  a proper  t r e a t m e n t  o f  decoupl ing f r o m  t h e  

hadron phase would r e q u i r e  t h e  u s e  o f  k i n e t i c  theory.  The u s e  

of hydrodynamics down to Tf = 50 MeV i n  t h e  d i l e p t o n  emission 

c a l c u l a t i o n s  below is t o  b e  understood a s  an e s t i m a t e  of t h e  

upper l i m i t  o f  t h e  c o n t r i b u t i o n  from t h e  hadron phase. A con- 

s e r v a t i v e  lower l i m i t  is ob ta ined  by inc lud ing  on ly  t h e  mixed 

phase ( i .e. ,  i n c r e a s i n g  Tf t o  Tc) and t h e  r e s u l t s  from t h i s  

estimate are i n  q u a l i t a t i v e  accord w i t h  t h e  r e s u l t s  obtained w i t h  

Tf = 50 M e V .  

The hydrodynamic f lows correspondLng to t h e  parameters  i n  

Table  1 w e r e  computed us ing  t h e  methods o f  [ l o ]  and some of t h e  

r e s u l t s  are e x h i b i t e d  i n  Figs. 2.1-5. One can observe t h e  fol low- 

ing  ( t h e  s i z e s  and l i f e t i m e s  given below r e f e r ,  f o r  d e f i n i t e n e s s ,  
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t o  a decoupl ing tempera ture  Tf = 50 M e V ;  s i z e s  corresponding t o  

o t h e r  v a l u e s  of Tf can be read  from t h e  f i g u r e s )  : 

(1) A t  Ti = 250 MeV, T i  = 1 fm, t h e  quark phase l a s t s  on ly  

very b r i e f l y ,  from 1 t o  2 fm, and its t r a n s v e r s e  motion is t o t a l l y  

n e g l i g i b l e .  Even t h e  mixed phase is h a r d l y  a t  a l l  a f f e c t e d  by 

t r a n s v e r s e  motion, w h i l e  t h e  hadron phase moves i n  t h e  t r a n s v e r s e  

d i r e c t i o n .  The system l i v e s  f o r  about  35 fm and i ts  l a r g e s t  

t r a n s v e r s e  e x t e n t  is 17 fm. 

( 2 )  A t  Ti = 500 M e V ,  Ti = 0.5 fin, t h e  v a l u e  of T~ (= 7.8 fm) 

is a l r e a d y  so close to t h e  t r a n s v e r s e  time-scale RA/cse12 fm) t h a t  

t h e r e  appears  a moderate b u i l d u p  of t r a n s v e r s e  expansion a t  t h e  

s i d e s  of the  quark phase. A s  a r e s u l t  l a r g e  p a r t s  of t h e  mixed 

phase and t h e  e n t i r e  hadron phase f low t r a n s v e r s a l l y .  This  reduces  

s i g n i f i c a n t l y  t h e  growth of t h e  l i f e - t i m e  of t h e  system ( r e l a t i v e  

to vr = 01,  which now is 50 fm, t h e  l a r g e s t  t r a n s v e r s e  e x t e n t  

being 30 fm. 

( 3 )  The f lows  wi th  Ti = 350 MeV, T~ = 1.5 fm and Ti = 833.MeV, 

T~ = 0.11 fm have t h e  same Ti r i , i . e . , t h e  same dN/dy. They a r e  t h u s  

expected t o  be e s s e n t i a l l y  t h e  same f lows ,  j u s t  s t a r t e d  a t d i f f e r e n t  

times and, cor respondingly ,  d i f f e r e n t  tempera tures .  T h i s  is v e r i -  

f i e d  by t h e  n u m e r i c a l  computation ( r e s u l t s  n o t  shown). A c t u a l l y  

small  d i f f e r e n c e s ,  caused by i n i t i a l  t r a n s v e r s e  v e l o c i t y  e f f e c t s ,  

appear: i f  w e  v a r y  T i  between 1 . 4 ,  0.5 and 0.11 fm, t h e  t r a n s v e r s e  

v e l o c i t y  f i e l d  c l e a r l y  cannot  be assumed t o  vanish  a t  a l l  t h e s e  

times. The d i f f e r e n c e s  t h u s  a l s o  g i v e  a f e e l i n g  of t h e  e f f e c t s  OF 

changing t h e  i n i t i a l  r a d i a l  v e l o c i t y .  

3 

( 4 )  A t  Ti = 833 MeV and T i  = 0.33 f m T Q  = 2 4  fm is much 

l a r g e r  than t h e  t r a n s v e r s e  time s c a l e  and a l s o  t h e  quark phase is 

- 8 -  

set in t r a n s v e r s e  motion. Thus a l s o  i ts l i f e - t i m e  i s  reduced 

from t h e  v a l u e  24  fm, v a l i d  f o r  no  t r a n s v e r s e  motion, to a b o u t  

1 2  fm. Due to t h e  r a p i d  t r a n s v e r s e  motion t h e  l i f e - t i m e  of  t h e  

mixed phase is reduced even r e l a t i v e  t o  t h e  prev ious  dN/Ady = 26 

case, b u t  u l t i m a t e l y  t h e  system l i v e s  long as a very  d i l u t e  pion 

g a s  (more p r o p e r l y  t r e a t e d  by k i n e t i c  t h e o r y )  so t h a t  its total 

l i f e - t i m e  is 65 fm and its l a r g e s t  e x t e n t  a b o u t  50 fm. 

Note t h a t  p h y s i c a l l y  t h i s  example is r a t h e r  extreme. The 

i n i t i a l  energy d e n s i t y  implied i n  t h i s  c i rcumstance  cor responds  

to  a l l  of t h e  k i n e t i c  energy of t h e  t w o  n u c l e i  being d e p o s i t e d  

i n  a r a p i d i t y  i n t e r v a l  of one u n i t  when t h e  c o l l i s i o n  energy is 

100+100 GeV.  

(5) I f  Tc is decreased  from 200 MeV t o  160 MeV, every th ing  

else remaining unchanged, t h e  q u a l i t a t i v e l y  e s s e n t i a l  change is 

t h e  i n c r e a s e  of T by a f a c t o r  2.0. T h i s  i m p l i e s  t h a t  a l r e a d y  

t h e  quark phase is set i n  r a p i d  t r a n s v e r s e  motion,  which f u r t h e r  

propagates  t o  t h e  mixed and hadron phases .  

r e s u l t  is an i n c r e a s e  i n  t h e  space-time volume of t h e  quark phase, 

a d e c r e a s e  i n  t h a t  of t h e  mixed and hadron phases ,  and an i n c r e a s e  

i n  t h e  o v e r a l l  t r a n s v e r s e  motion. The e x p e c t a t i o n s  a r e  born o u t  

by t h e  numerical  computation ( r e s u l t s  I n  Fig. 2 .4) .  

0 

The expected n e t  

(6) A l l  t h e  above f lows  assume t h a t  Ti is independent  of  r. 

The expected r dependence i s  c o r r e l a t e d  w i t h  t h e  A dependence of 

dN/dy: i f  
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W e  e x p e c t  p t o  be a b o u t  1 / 2 ,  p = 1 being a r a t h e r  extreme va lue .  

The f low cor responding  t o  t h i s  extreme r dependence, . .  

( 2 . 8 )  
l-pb T;., ( I -  r' ) t , 

RA' 
w i t h  T i  = 0.5 and TiO = 630 MeV (so t h a t  t h e  total  en t ropy  of t h e  

f low is normalised t o  t h e  same v a l u e  dN/Ady = 26 a s  f o r  t h e  f low 

w i t h  Ti = 500 MeV, T i  = 0.5 fm) is given i n  F ig .  2.5. As expec ted ,  

t h e  t r a n s v e r s e  f low i s  now m o r e  r a p i d .  

now f lows  t r a n s v e r s a l l y  and i ts  l i f e - t i m e  near  r = 0 is cons ider -  

a b l y  reduced, less so a t  l a r g e r  r. However, now t h e  system l i v e s  

l o n g e r  in t h e  hadron phase so t h a t  t h e  t o t a l  l i f e - t i m e  a t  r = 0 

is about  t h e  same as  w i t h  c o n s t a n t  Ti. 

Even t h e  mixed phase 

The huge l i f e - t i m e s  o f t h e  mixed and hadron phases  (Table  1) 

i n  t h e  approximation vr = 0 are t h u s  cons iderably  reduced.  

t h i s  r e d u c t i o n  i n  t h e  t ime d i r e c t i o n  i s  p a r t i a l l y  compensated by 

t h e  expansion of t h e  system in t h e  t r a n s v e r s e  d i r e c t i o n .  

S t i l l ,  

' I  

The c a l c u l a t i o n  o f  d i l e p t o n  emission rate per  c o l l i s i o n  

proceeds  s t r a i g h t f o r w a r d l y  by convolu t ing  t h e  rest frame emiss ion  

ra tes  from t h e  quark plasma and t h e  hadron phases  wi th  t h e  f lows  

computed above. I n  t h e  mixed phase,  t h e  system e m i t s  bo th  from 

t h e  quark and hadron phases ,  t h e  r e l a t i v e  amount of t h e s e  be ing  

g iven  by e n t r o p y  c o n s e r v a t i o n .  

The emission rate from t h e  quark phase is w e l l  known to  be 

The c a l c u l a t i o n  of 
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d2 - E / T  = - I $ e  (3.11 

t h e  emission r a t e  from t h e  hadron is much 

more complicated [61 .  

g a s ,  w e  o n l y  i n c l u d e  t h e  process  n 7f 

t h e  p p o l e  i n  t h e  form f a c t o r :  

S ince  w e  model t h e  hadron phase by a pion 
+ -  

+ E + t -  and i n c l u d e  only  

( 3 . 2 )  

with  m p  = 0.77 and r 
emission rate is 

= 0.155 GeV.  With t h i s  form f a c t o r ,  t h e  
P 

This  could  be improved by inc luding  more resonances  i n  t h e  form 

f a c t o r  or, even b e t t e r ,  by using e e d a t a  f o r  pion product ion.  

A l s o ,  one might  want to  inc lude  a tempera ture  dependent  mass and 

width [20-211 f o r  t h e  p, t o  o b t a i n  a method f o r  exper imenta l ly  

t e s t i n g  t h e s e  T dependences. 

mass in t h e  pion phase, t h i s  s h i f t  might  indeed appear  i n  t h e  

exper imenta l ly  observed d i l e p t o n  spectrum. 

s h i f t  n e a r  t h e  deconfinement tempera ture  i n  t h e  hadron phase is 

unknown. However, t h e  main approximation is probably t h e  n e g l e c t  

of bremsstrahlung product ion of d i l e p t o n s :  T I + ~ -  -* n n 

w i l l  c e r t a i n l y  dominate  i n  t h e  r e g i o n  M < 2171,. I t  can b e c a l c u l a t e d ,  

b u t  th.e c a l c u l a t i o n  is t e c h n i c a l l y  r a t h e r  complicated.  

t h a t  t h e  s imple  p pole approximation used here  is q u i t e  adequate  

f o r  p a i r  masses near  t h e  P mass and above. 

+ -  

I f  t h e  p s i g n i f i c a n t l y  a l t e r s  i t s  

The degree  of such a 

+ -  
y * .  T h i s  

We b e l i e v e  
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W e  a r e  a l s o  neglec t ing  t h e  s h a r p  resonances  9 [ 2 2 1  and I) [231.  

A c a l c u l a t i o n  of t h e i r  product ion ra te  w i t h  t h e  above r e a l i s t i c  

numerical  f lows  would be another  i n t e r e s t i n g  problem. S ince  t h e  

JI mass i's so l a r g e ,  i t  is emi t ted  very  e a r l y  i n  t h e  c o l l i s i o n  

from t h e  quarkplasmaphase  and w e  a c t u a l l y  e x p e c t  t h e  no-transverse-  

f low approximation of r e f .  [23] to  be good. 

The convolu t ion  over t h e  f low is now of t h e  form 

where w e  have used 

.and K O  and Io a r e  modified Bessel f u n c t i o n s .  

v e l o c i t y  vr ( vr a l/[i-&$)i ) and t h e  tempera ture  T are 

g iven  as  f u n c t i o n s  of T and r by t h e  numer ica l  c a l c u l a t i o n  of 

The t r a n s v e r s e  

t h e  flow. 

N o t i n j  that  t h e  r e l a t i v e  volumes of  t h e  quark  plasma and 

hadron phases  wi th in  t h e  mixed phase a r e  g i v e n  by 

- 12 - 

w e  can  w r i t e  t h e  d i l e p t o n  r a t e  i n  t h e  f i n a l  form 

(3.5) 

where t h e  0 f u n c t i o n s  t es t  whether E > EQ ( B ( Q ) ) ,  EH < E < E . Q  

( B ( M ) )  or cf < E < ( B ( H ) )  and ( w e  t a k e  mll = 0 )  

4m2 
Ma G W )  = F%[M) [I - 3) 

F u r t h e r ,  t h e  r e s u l t  (3.5) can be i n t e g r a t e d  a n a l y t i c a l l y  over 

t h e  pT of t h e  emi t ted  d i l e p t o n  wi th  t h e  r e s u l t  

where t h e  c u r l y  b r a c k e t  i s  t h e  same as i n  (3.5). 

vr d o e s  n o t  a t  a l l  appear  i n  Eq. (3.6). 

s imple ,  b u t  T (and t h e  E i n  t h e  c u r l y  b r a c k e t )  are only  g iven  by 

t h e  numer ica l  hydro as f u n c t i o n s  of T and r. 

S u r p r i s i n g l y ,  

The r e s u l t  looks  v e r y  

' If t h e  r a d i a l  flow is neglec ted  (vr = 0)  , t h e  above r e s u l t s  

simp1 i f  y t o  t h e  form 
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ahd 

Within t h e  domain of v a l i d i t y  of t h e  approximations,  one c o u l d  

r e p l a c e  t h e  Bessel f u n c t i o n s  by K,,,(y) = (T l2y )"  eXp(-y). 
I 

4. NUMERICAL RESULTS , 

The formulas  g i v e n  f o r  t h e  d i l e p t o n  rate i n  S e c t i o n  3 are 

e a s i l y  i n t e g r a t e d  over  t h e  f l o w s  i n  S e c t i o n  2. R e s u l t s  a r e  

g i v e n  i n  Figs .  4.1-8. Note t h a t  w e  g i v e  a l l  numbers as r a t e s  

p e r  a c o l l i s i o n  a t  zero impact  parameter  b. The exper iments  

w i l l  anyway a t t e m p t  t o  t r i g g e r  f o r  c e n t r a l  c o l l i s i o n s  and a v e r a g e s  

over b are n o t  needed. 

ra te  (which is averaged over  b ) ,  t h e  averaging h a s  to be t a k e n  

i n t o  account. The rates can b e  turned  to  c r o s s  s e c t i o n s  by 

2 m u l t i p l y i n g  wi th  (I = TI (RA+RB)2 (and d i v i d i n g  by ( ~ + R ~ / R ~ )  , i f  

However, when comparing wi th  a Drell-Yan 

averaging  over  b is r e q u i r e d ) .  

2 2  Fig.  4 . 1  g i v e s  t h e  wholly d i f f e r e n t i a l  r a t e  dN/dM .dyd for 

t h e  f low wi th  Ti = 500 MeV,  T i  = 0.5 fm, corresponding to  dN/Ady= 

26. For  comparison, t h e  same q u a n t i t y  is given  i n  Fig.  4.2 

c a l c u l a t e d  i f  o n l y  l o n g i t u d i n a l  cool ing  w i t h  no t r a n s v e r s e  f low 

is inc luded ,  i n  F ig .  4.3 f o r  a flow which h a s  t h e  same comoving 

en t ropy  b u t  which s t a r t s  l a t e r ,  a t  Ti = 1.5 fm cor responding  to 

Ti = 350 MeV and i n  F ig .  4 . 4  f o r  a flow s t a r t i n g  a t . T y ' =  0 . 5  with  

t h e  same comoving e n t r o p y  b u t  wi th  an i n i t i a l l y  r dependent  

tempera ture  d i s t r i b u t i o n  (Eq. (2 .8)  1 .  

Consider  f i r s t  t h e  quark plasma c o n t r i b u t i o n ,  which has, i n  

d e t a i l ,  been s t u d i e d  i n  r e f s .  [8-91. This  is " t h e  new phase of 

mat te r"  one e x p e c t s  to d iagnose  with t h e s e  d i l e p t o n  measurements- 

I t  is formed v e r y  e a r l y  i n  t h e  process  and t h u s ,  as  is e x p l i c i t l y  

shown by t h e  f i g u r e s  i n  S e c t i o n  2 and a comparison of  F igs .  4 . 1  

and 4.2, t h e  t r a n s v e r s e  f low h a s  l i t t l e  e f f e c t  on it. I f  one 

goes  to  d e t a i l s ,  one o b s e r v e s  t h a t  t h e  t r a n s v e r s e  f low reduces  

somewhat t h e  rate and t h e  r e d u c t i o n  is l a r g e s t  a t  smal l  MT. 

is n a t u r a l ,  s i n c e  s m a l l  MT p a i r s  are dominantly produced la te  i n  

t h e  quark  plasma phase,  so t h a t  t h e  t r a n s v e r s e  f low has  had t i m e  

This  

to  p e n e t r a t e  towards t h e  c e n t e r  and f u r t h e r  reduce t h e  temperature .  

Another consequence of  t h e  i n s e n s i t i v i t y  of  t h e  quark m a t t e r  

c o n t r i b u t i o n  t o  t h e  t r a n s v e r s e  flow is t h a t  t h e  rate from i t  is 

e s s e n t i a l l y  independent  of  t h e  p a i r  mass M when p l o t t e d  a g a i n s t  

MT. 

r e f .  [81 .  

For t h e  vr = 0 c a s e  t h i s  observa t ion  was made a l r e a d y  i n  

Another r e l e v a n t  remark can be made by c o n s i d e r i n g  t w o  

d i f f e r e n t  f lows having t h e  same t o t a l  en t ropy ,  i.e., t h e  v a l u e  
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3 of Ti T ~ .  

(as  i n  F igs .  4 . 1  and 4 . 3 ) ,  t h e  flow a f t e r  1.5 fm is unchanged, 

i f  t h e  i n i t i a l  c o n d i t i o n  a t  1 .5  fm i s  taken t o  be t h e  i n i t i a l  

c o n d i t i o n  a t  0.5 fin hydrodynamically evolved t o  1.5 fm. I n  t h e  

c a l c u l a t i o n s  o f  S e c t i o n  2 a c t u a l l y  vr = 0 w a s  used as t h e  i n i t i a l  

c o n d i t i o n  a t  bo th  times. 

l a te r  flows. Apart  from t h i s  small  change, t h e  o n l y  change i n  

Lt i e  d i l e p t o n  ra te  is then t h a t ,  when i n c r e a s i n g  Ti from 0.5 fm 

t o  1 .5  fni, w e  loose t h e  c o n t r i b u t i o n  from t h i s  t i m e  i n t e r v a l .  

As t h e  matter then Is i n  ve ry  ho t  quark plasma phase (between 

T = 3 5 0  and 500 M e V ) ,  t h e  105s is  e s s e n t i a l l y  i n  t h e  p roduc t ion  

of l a r g e  MT p a i r s .  

an o rde r  of magnitude or more a t  MT > 3 . 5  G e V .  

t h a t  t h i s  e f f e c t  is an ea r ly - t ime  large-MT e f f e c t  and t h u s  inde- 

pendent of t r a n s v e r s e  flow. 

I f  w e  change the  va lue  o f  T i  from 0.5 fin to  1.5 fm 

T h i s  causes  'a s m a l l  change i n  t h e  

In  t h e  c a s e  of F igs .  4 . 1  and 4 . 3  t h i s  l o s s  is 

W e  a g a i n  emphasize 

I d e a l l y ,  one cou ld  use  t h e  s e n s i t i v i t y  of t h e  l a r g e  MT 

d i l e p t o n  ra te  to  v e r y  e a r l y  t i m e s  t o  expe r imen ta l ly  d e t e r m i n e  t h e  

i n i t i a l  t h e r m a l i z a t i o n  time T i  and temperature  Ti s e p a r a t e l y  as  

fol lows.  F i r s t  s e p a r a t e  t h e  d i l e p t o n  e v e n t s  acco rd ing  to t h e  

v a l u e  o f  t h e  a s s o c i a t e d  pion m u l t i p l i c i t y  dN/dy. 

f i x e s  t h e  v a l u e  o f  t h e  product  Ti T i  a cco rd ing  to Eq. 

Consider ing now t h i s  f i x e d  va lue  o f  dN/dy one measures t h e  ra te  

o f  d i l e p t o n  p roduc t ion  a t  l a r g e  MT. Its va lue  depends on Ti and 

T~ s e p a r a t e l y  and, when measured, can t h u s  be used to  g i v e  a 

numerical  v a l u e  f o r  T i  and Ti s e p a r a t e l y .  

T h i s  (g iven  RA), 
3 (1.1). 

Th i s  is n o t  a v a l u e  o f  
7 

T i  f o r  each e v e n t  s e p a r a t e l y  ( a s  is t h e  p roduc t  Ti'Ti) b u t  an 

average T~ f o r  a l l  t h e  e v e n t s  having a f i x e d  v a l u e  o f  Ti T ~ .  

S ince  t h e  i n i t i a l  v a l u e  of Ti may and w i l l  depend on r and w i l l  

a l s o  s t o c h a s t i c a l l y  f l u c t u a t e  a c r o s s  t h e  n u c l e a r  d i s c ,  t h e  measured 

Value Of T i  w i l l  a l s o  c o n t a i n  and average across t h e  t r a n s v e r s e  

CCP ) r  d i n , t  L il. 

3 

Note also t h a t  MT should n e i t h e r  be so l a r g e  t h a t  one  is 

i n  t h e  s i n g l e - c o l l i s i o n  Drell-Yan r eg ion  nor even  i n  t h e  i n t e r -  

med ia t e  p re -equ i l ib r ium reg ion .  

t h i s  when d i s c u s s i n g  dN/dMdy below. 

W e  s h a l l  g i v e  an estimate f o r  

Consider  then t h e  mixed phase and hadron phase c o n t r i b u t i o n s .  

A comparison between F i g s .  4 . 1  and 4 . 2  shows t h a t  t h e  r e s u l t  f o r  

correct t r a n s v e r s e  f low is s i g n i f i c a n t l y  d i f f e r e n t  from t h a t  

o b t a i n e d  by t a k i n g  vr = 0 (Eqs. ( 3 . 7 - 8 ) ) :  t h e  ra te  a t  smal l  MT 

is reduced by o r d e r s  o f  magnitude and a t  l a r g e  MT i n c r e a s e d  by 

o r d e r s  o f  magnitude. T h i s  i s  a d i r e c t  e f f e c t  o f  t h e  t r a n s v e r s e  

flow. P a i r s  w i th  M < 1 G e V  are dominantly emitted a t  l a t e  t i m e s  

from r e l a t i v e l y  cool matter,  which i s  moving t r a n s v e r s a l l y  wi th  

a l a r g e  v e l o c i t y  (see t h e  F igs .  i n  Sec t ion  2 ) .  T h i s  impar t s  a 

l a r g e  pT t o  t h e  par t ic les  and makes t h e  MT d i s t r i b u t i o n  much 

f l a t t e r  t han  f o r  vr = 0 .  

from t h e  mixed phase g o e s  (Eq. ( 3 . 7 ) )  l i k e  

For vr = 0 t h e  MT d i s t r i b u t i o n  o f  p a i r s  

( t h i s  also h o l d s  f o r  H i f  MT > 5Tc). 

t o  be much f l a t t e r  bll t  n o t  q u i t e  as f l a t  as  exp(-MT/Ti). 

For t r u e  flow t h i s  is  found 

The t r a n s v e r s e  f low e f f e c t  is p a r t i c u l a r l y  clear i f  one 

chooses  a m a s s  which maximizes t h e  M and H c o n t r i b u t i o n s  r e l a t i v e  

to Q: t h e  r e g i o n  n e a r  M = m From Figs .  4 . 1  and 4 . 3  it is  clear 

t h a t  M and 11 w i l l  dominate  over  Q a t  a l l  v a l u e s  of MT. I n  d e t a i l  

t h e  p e r s i s t e n c e  of t h e  p peak is shown i n  F ig .  4 . 5 .  Its  r e l a t i v e  

P '  

importance t h u s  even i n c r e a s e s  wi th  i n c r e a s i n g  MT. 

is q u i t e  d i f f e r e n t  from t h a t  a t  vY = 0. 

t h e  p peak t h e r e  w i l l  v a n i s h  under t h e  mass-independent quark 

plasma c o n t r i b u t i o n  f o r  MT > 3 G e V  [191. 

T h i s  s i t u a t i o n  

As is s e e n  from Fig.  4 . 2 ,  

The o b s e r v a t i o n  of t h e  
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w i l l ,  of c o u r s e ,  u l t i m a t e l y  win. For  Ti = 250 M e V  (Fig.  4.8) p peak a t  l a r g e  MT would be d i r e c t  evidence f o r  a c o l l e c t i v e  

f low of a hadronic  system. 

could  be reproduced by t h e  v a r i o u s  models f o r  p a r t i c l e  product ion  

i n  nucleus-nucleus c o l l i s i o n s ,  which make no r e f e r e n c e  t o  collect- 

i v e  behaviour. 

It is hard t o  see how t h i s  e f f e c t  

T h i s  c l e a r l y  is an i s s u e  d e s e r v i n g  f u r t h e r  s tudy.  

As seen from Fig.  4 . 4 ,  t h e  p e r s i s t e n c e  of t h e  P peak is also 

s t a b l e  a g a i n s t  i n t r o d u c i n g  r dependence i n  t h e  i n i t i a l  t empera ture ,  

a l though t h e  f lows  i n  t h e  mixed phase seem c o n s i d e r a b l y  d i f f e r e n t  

(compare F igs .  2.2 and 2.5). The r a p i d  e v o l u t i o n  of  t h e  system 

i n  t h e  mixed phase i n  Fig.  2.5 means t h a t  energy  is n o t  wasted i n  

l o n g i t u d i n a l  expansion.  I t  goes  i n t o  t r a n s v e r s e  expansion and 

m a i n t a i n s  t h e  l a r g e  emiss ion  rate i n t o  l a r g e  MT near  M = m P' 

Consider t h e n  t h e  r e s u l t s  f o r  t h e  pT- in tegra ted  ra te  dN/dMdy 

(Eq. ( 3 . 6 ) ) ,  shown i n  F igs .  4.6-8. 

convenient  to  compare t h e  r e s u l t  w i t h  t h e  Drell-Yan background. 

A t  t h i s  p o i n t  it is a l s o  

t h e r e  is so l i t t l e  of t h e  quark plasma phase t h a t  t h e  Drell-Yan 

mechanism-especially i f  supplemented by t h e  so f a r  unca lcu la ted  

pre-equi l ibr ium emission-gives  a r e l a t i v e l y  l a r g e  c o n t r i b u t i o n .  

The fo l lowing  comments can be made concern ing  Figs .  4.6-8. 

The t h r e e  p a r t s  of Fig.  4.6 i l l u s t r a t e , a s  d i s c u s s e d  above, how 

one g a i n s  more quark plasma c o n t r i b u t i o n  by s t a r t i n g  t h e  flow 

e a r l i e r .  

t o  l a r g e  d i l e p t o n  masses. The q u a n t i t a t i v e  observa t ion  of t h e  

h igh  m a s s - t a i l  i n  Fig.  4.6 is p r e c i s e l y  " d i a g n o s i s  of quark plasma". 

F ig .  4.7 i l l u s t r a t e s  what happens i f  Tc is decreased from 200 t o  

1 6 0  MeV. 

longer  a t  t empera tures  c l o s e  t o  Tc. 

t h u s  somewhat increased .  

t h e  p f a s t e r  a t  Tc = 160 MeV, roughly  p r o p o r t i o n a l l y  to  exp(-M/Tc). 

The g a i n  is from high tempera tures  and goes,  accord ingly ,  

A s  d i s c u s s e d  i n  S e c t i o n  2 ,  t h e  quark  phase then l a s t s  

The small-mass p a r t  of Q is 

The M and 11 c o n t r i b u t i o n s  decrease  above 

A rough e s t i m a t e  f o r  t h i s  a t  M (<  &i i s  However, a t  t h i s  l a r g e  Ti i t i s  n o t  p o s s i b l e  to  observe t h i s  

behaviour ,  s i n c e  i t  is hidden below t h e  l a r g e  Q c o n t r i b u t i o n .  TO 

which is d i r e c t l y  o b t a i n e d  from t h e  s t a n d a r d  Drell-Yan formula 

(no K f a c t o r )  and i n  which w e  e x p e c t  t h e  s q u a r e  b r a c k e t s  to  be 

of o r d e r  one. The f a c t o r  4 i n  f r o n t  corrects t h e  formula f o r  

c e n t r a l  c o l l i s i o n s  and M is expressed  i n  G e V  u n i t s  to  g i v e  t h e  

r e s u l t  i n  1/GeV. 

ground is c l e a r l y  below thermal  emis s ion  f o r  t h e  range  of masses 

shown (M < 3 G e V ) ;  f o r  h igh  d i l e p t o n  masses t h e  Drell-Yan ra te  

0 

I f  Ti is  c l e a r l y  above T,, t h e  Drell-Yan back- 

measure t h e  va lue  of Tc one h a s  to  go t o  smaller v a l u e s  of Ti 

(Fig.  4 .8) .  The Q t e r m  then is much s m a l l e r  and t h e  exp(-M/T ) 

behaviour  is exposed. tlowever, t h e  Drell-Yan c o n t r i b u t i o n  

is t h r e a t e n i n g l y  close. 

W e  conclude t h i s  s e c t i o n  by n o t i n g  t h a t  t h e  c a l c u l a t e d  dN/dMdy 

f o r  produced d i l e p t o n  p a i r s  i n  t h e  P mass r e g i o n  can be used to  

e s t i m a t e  t h e  number of fTT c o l l i s i o n s  which took p lace  i n  t h e  mixed 

and hadron phases. The p ions  namely dominant ly  i n t e r a c t  v i a  the  
P resonance ( a p a r t  from fT 0 0  fT 1 and what w e  have c a l c u l a t e d  is how 

o f t e n  t h i s  resonance,  a f t e r  a l i f e - t i m e  of about  1 fm, decays t o  

a d i l e p t o n  p a i r .  To e s t i m a t e  t h e  t o t a l  number o f  i n t e r a c t i o n s  

w e  simply w r i t e  
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+ o  where t h e  3 a c c o u n t s  f o r  11 ir , 11'11- and n-ir0. 

t h e  Ti = 500 MeV,  T i  = 0.5 fm case t h i s  g i v e s  about  3000 i n t e r -  

a c t i o n s  i n  t h e  mixed phase and 1500 i n  t h e  hadron phase.  Counting 

c o l l i s i o n s  pe r  p a r t i c l e  g i v e s  a f u r t h e r  f a c t o r  of two. I n  t h e  

mixed phase t h e r e  are i n  a d d i t i o n  pion-quark and pion-gluon 

in te rac t ion-s .  

thermal e q u i l i b r a t i o n  i n  t h e  mixed phase. I n  t h e  hadron phase,  

t h i s  is however enough f o r  k i n e t i c  t heo ry  b u t  marg ina l ly  so 

f o r  hydrodynamics. Note a lso t h a t  t hese  f i n a l  remarks are i n  

agreement w i t h  t h e  s t anda rd  obse rva t ion  t h a t  e s s e n t i a l l y  a l l  

the  p ions  produced i n  had ron ic  c o l l i s i o n s  are produced v i a  t h e  p.  

This  o b s e r v a t i o n  j u s t  c o u n t s  t h e  l a s t  i n t e r a c t i o n  v i a  a p as  t h e  

produced p a r t i c l e ,  wh i l e  w e  have been c o n s i d e r i n g  t h e  p ions  

produced i n  t h e  p rev ious  i n t e r a c t i o n s  as  e l emen t s  o f  t h e  had ron ic  

f l u i d .  

For i n s t a n c e ,  f o r  

There should n o t  be too much d i f f i c u l t y  ma in ta in ing  

5. CONCLUSIONS 

W e  have i n  t h i s  paper cons ide red  t h e  e f f e c t s  of t r a n s v e r s e  

c o l l e c t i v e  f low o f  QCD m a t t e r  as it might b e  formed i n  u l t r a -  

r e l a t i v i s t i c  nucleus-nucleus c o l l i s i o n s .  T h i s  is c l e a r l y  an 

important  q u e s t i o n ;  w e  cannot  r e a l l y  t a l k  abou t  "ma t t e r " ,  u n l e s s  

w e  can prove t h a t  t h e  system behaves c o l l e c t i v e l y .  The ques t ion  

of t h e  e x i s t e n c e  of c o l l e c t i v e  f low has a l so  been a c e n t r a l  i s s u e  

in connec t ion  of n u c l e a r  c o l l i s i o n s  i n  t h e  1 G e V  range 1 2 4 1 .  

Under r easonab le  i n i t i a l  c o n d i t i o n s ,  t h e  quark plasma 

phase is formed, i f  a t  a l l ,  v e r y  e a r l y  i n  t h e  c o l l i s i o n .  I t  

t h u s  is l i t t l e  a f f e c t e d  by t r a n s v e r s e  motion and i ts  c o l l e c t i v e  

motion is e s s e n t i a l l y  l o n g i t u d i n a l .  T h i s ,  however, is n e x t  to  

@ p o s s i b l e  t o  s e p a r a t e  from t h e  l o n g i t u d i n a l  motion, which is 

anyway p r e s e n t  i n  t h e  produced p a r t i c l e s .  In s t ead ,  w e  have 

at tempted to  d i s c u s s  how t h e  pa rame te r s  Ti and T~ of t h e  flow 

could b e  determined. 

The s i t u a t i o n  is q u i t e  d i f f e r e n t  w i t h  t h e  la ter  s t a g e s  of 

t h e  p rocess .  I f  t h e  system h a s  s t a r t e d  h igh  up i n  t h e  quark 

plasma phase,  it is a l r e a d y  i n  r a p i d  t r a n s v e r s e  motion a f t e r  

having cooled down t o  t h e  mixed phase.  Whatever is emi t t ed  a t  

t h i s  s t a g e ,  w i l l  g e t  a b o o s t  i n  t h e  t r a n s v e r s e  d i r e c t i o n  f rom '  

t h i s  motion. As t h e  system is a l r e a d y  r a t h e r  cool, it w i l l  

dominant ly  e m i t  d i l e p t o n s  i n  t h e  1 G e V  m a s s  r ange  and w e  have 

shown t h a t  t h i s  emission from matter i n  t r a n s v e r s e  motion may 

lead t o  t h e  p e r s i s t e n c e  of t h e  p peak u n t i l  ve ry  l a r g e  MT. The 

e f f e c t i s  f u r t h e r  ampl i f i ed  by t h e  emission from t h e  v e r y  la te  

and cool hadron phase,  which should p r o p e r l y  b e  t r e a t e d  with 

k i n e t i c  theory.  

I f  t h e  p e r s i s t e n c e  of t h e  p peak a t  l a r g e  MT is experiment- 

a l l y  observed,  one f u r t h e r  h a s  t o  prove t h a t  t h i s  canno t  con- 

v i n c i n g l y  b e  reproduced by any o f  t h e  mechanisms of p a r t i c l e  

p roduc t ion  n o t  con ta in ing  c o l l e c t i v e  motion. The d i s c u s s i o n  , . 
w i l l  p e rhaps  p a r a l l e l  t h a t  around cascade vs. c o l l e c t i v e  models 

i n  t h e  1 G e V  r ange  [ 2 5 1 .  

Concerning t h e  expe r imen ta l  o b s e r v a t i o n  of t h e  e f f e c t s  

d i scussed  h e r e  one should n o t e  t h a t  an ave rage  A+A e v e n t  might  

have Ti = Tc and starts expansion .in t h e  mixed phase. For t h e  
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TABLE 1. Values  of parameters  used  ( i n  u n i t s  o f  MeV or  fm, 
A = 238). Note t h e  logic i n  t h e  table: t h e  primary 
q u a n t i t y  is t h e  associated p ion  m u l t i p l i c i t y  dN/dy, 
which can  be  expe r imen ta l ly  f i x e d  and which f i x e s  
Ti3Ti.  

t h e  same one-dimensional (vr = 0 )  time-scales (Eq. (2 .7 ) ) .  

Changing Tc changes t h e  r e l a t i v e  ba l ance  of Q and M 

b u t  n o t  t h e  t o t a l  o n e d i m e n s i o n a l  d u r a t i o n .  The t r u e  
three-d imens iona l  l i f e - t i m e s  are d i s c u s s e d  i n  Section 
2 (see (Figs. 2 . 1 - 5 ) .  

A l l  t h e  f lows  w i t h  t h e  same.dN/dy and Tc have 

6.4 250 200 
26 350 200 

26 500 200 
26 833 200 
26 500 160 
78 833 200 

‘i ‘Q ‘H ‘f 

27 1800 1.0 1.9 
1 . 5  , 7.8 110 7000 
0.5 7.8 110 7000 
0 .11  7.8 110 7000 
0.5 1 5  215 7000 
0.33 24 340 21500 
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FIGURE CAPTIONS 

3 Curves o f  (a )  c o n s t a n t  energy  d e n s i t y  ( i n  u n i t s  of GeV/fm ) 

and (b). c o n s t a n t  r a d i a l  v e l o c i t y  for Ti = 250 MeV, T i  = 

1 fm and Tc = 200  MeV. 

l i g h t  cone  i n  t h i s  and t h e  fo l lowing  f i g u r e s  a r e  an 
a r t i f a c t  of t h e  numer ica l  method and g r a p h i c s  and have no 
p h y s i c a l  meaning. 

As Fig. 2.1 b u t  f o r  Ti = 500 MeV and T i  = 0.5 fm. 
cu rves  f o r  t h e  cases having t h e  same dN/dy i n  Table 1 
a r e  e s s e n t i a l l y  t h e  same a p a r t  from t h e  s t a r t i n g  t i m e  

The v e l o c i t y  con tour s  nea r  t h e  

The 

T i  Of t h e  flow. 

As Fig .  2 . 1  b u t  f o r  Ti = 833 MeV and T i  = 0.33 fm. 

A s  Fig .  2.2 b u t  f o r  Tc = 160 MeV. 

A s  Fig.  2.2 b u t  f o r  t h e  r a d i a l l y  va ry ing  i n i t i a l  tempera- 
t u r e  d i s t r i b u t i o n  i n  F ig .  Eq. ( 2 . 8 ) .  

The quark  phase  ( Q ) ,  mixed phase (M) and hadron phase (HI' 
c o n t r i b u t i o n s  to  t h e  d i f f e r e n t i a l  d i l e p t o n  product ion  
rate dN/dM dyd pT p l o t t e d  vs. MT f o r  M = 0.3,  0 . 8  and 
1.5 G e V  f o r  t h e  f low wi th  Ti = 500 MeV and T i  = 0.5 fm. 
Up to n e g l i g i b l e  c o r r e c t i o n s  t h e  Q c o n t r i b u t i o n  is 
independent  o f  p a i r  m a s s  M when p l o t t e d  vs.  MT. 

A s  Fig.  4 . 1  b u t  f o r  z e r o  r a d i a l  f low; Q is independent 
of p a i r  mass M. 

A s  Fig.  4 .1  b u t  for t h e  f low wi th  Ti = 350 MeV, 
1 .5  fm. T h i s  f low has  t h e  same comoving en t ropy  a s  t h e  
one i n  F ig .  4 .1 .  

As Fig .  4 . 1  b u t  now c a l c u l a t e d  f o r  t h e  f low in Fig. 2.5 

w i t h  t h e  r a d i a l l y  va ry ing  i n i t i a l  t empera ture  d i s t r i b u t i o n  
i n  Eq. (2.8).  

As Fig. 4 . 1  b u t  now p l o t t e d  vs.  M f o r  t r a n s v e r s e  masses 
MT = 1, 2 ,  and 4 GeV. 

c o n t r i b u t i o n s  of t h e  d i f f e r e n t  phases  a t  MT = 4 .  

t h e  p e r s i s t e n c e  and even s t r eng then ing  of t h e  p peak. 
The p peak p e r s i s t s  even i f  t h e  hadron phase c o n t r i b u t i o n  
is neg lec t ed .  

2 2  

T i  = 

The dashed l i n e s  show t h e  s e p a r a t e  
Note 

F ig .  4.6 The quark phase (0) , t h e  mixed phase  ( M I ,  t h e  hadron 
phase (11) c o n t r i b u t i o n s  and t h e  t o t a l  d i € f e r e n t i a l  
d i l e p t o n  product ion  r a t e  dN/dMdy p l o t t e d  vs. p a i r  mass 
M for t h e  t h r e e  f lows  ( a )  Ti = 350 MeV,  T i  = 1.5 fm, 
(b )  Ti = 500 MeV, T i  = 0.5 Em. 
0.11 fm having t h e  same a s s o c i a t e d  pion m u l t i p l i c i t y  
dN/dy = 26 A (Table  1). Note how M and H a r e  e s s e n t i a l l y  
unchanged whi le  t h e  la rge-#  behaviour  of Q i nc reases  
when T i  is decreased  and more of t h e  h o t t e r  i n i t i a l  
m a t t e r  is inc luded .  

As Fig .  4.6 ( b )  b u t  f o r  Tc = 160 MeV. 

As Fig. 4.6 b u t  f o r  t h e  f low wi th  Ti = 250 M e V ,  T~ = 1 fm. 
The dashed l i n e  g i v e s  t h e  s i n g l e - s c a t t e r i n g  Drell-Yan 
c o n t r i b u t i o n  accord ing  t o  Eq. ( 4 . 1 ) .  

(c) Ti = 833 MeV, T i  = 

Fig .  4 . 7  

Fig .  4.8 
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